Based on recent directed evolution of P450 2B1, six P450 2B11 mutants at three positions were created in an N-terminal modiWed construct termed P450 2B11dH and characterized for enzyme catalysis using Wve substrates. Mutant I209A demonstrated a 3.2-fold enhanced k cat /K m for 7-ethoxy-4-triXuoromethylcourmarin O-deethylation, largely due to a dramatic decrease in K m (0.72 M vs. 18 M). I209A also demonstrated enhanced selectivity for testosterone 16 -hydroxylation over 16 -hydroxylation. In contrast, V183L showed a 4-fold increased k cat for 7-benzyloxyresoruWn debenzylation and a 4.7-fold increased k cat /K m for testosterone 16 -hydroxylation. V183L also displayed a 1.7-fold higher k cat /K m than P450 2B11dH with the anti-cancer prodrugs cyclophosphamide and ifosfamide, resulting from a »4-fold decrease in K m . Introduction of the V183L mutation into full-length P450 2B11 did not enhance the k cat /K m . Overall, the re-engineered P450 2B11dH enzymes exhibited enhanced catalytic eYciency with several substrates including the anti-cancer prodrugs. © 2007 Elsevier Inc. All rights reserved.
Mammalian cytochromes P450 of the 2B subfamily metabolize many xenobiotics and endogenous compounds [1] , and are among the best studied P450 enzymes from the standpoint of structure-function relationships [2, 3] . Dog P450 2B11 is a particularly eYcient enzyme for activation of the anti-cancer prodrugs cyclophosphamide (CPA) 1 and ifosafamide (IFA) and detoxiWcation of environmental contaminants such as polychlorinated biphenyls [4, 5] . When expressed in tumor cells, P450 2B11 shows substantial activity with CPA and IFA, resulting in strong cytotoxicity and anti-tumor activity, suggesting the potential utility for P450 gene-directed enzyme prodrug therapy (GDEPT) applications for cancer treatment [6] . Engineering of P450 2B11 for enhanced catalytic eYciency would be helpful in enhancing the eYcacy of this enzyme for GDEPT and studying structure-function relationships.
Comparison of the active site residues among P450 2B enzymes within and across species has led to several successful eVorts to enhance and/or re-engineer their activities [2, 3] . For example, the regioselectivity of progesterone hydroxylation by P450 2B1 has been re-engineered to that of P450 2C5 by rational site-directed mutagenesis of the latter enzyme [7] . In addition, advances in X-ray crystallography, homology modeling, and site-directed mutagenesis of the P450 2B enzymes have yielded crucial insights into the structural basis of enzyme eYciency, diVerential substrate speciWcity, and stereo-and regioselectivity [2, 3, [8] [9] [10] [11] [12] [13] [14] [15] . These studies have revealed that substrate binding and oxidation are inXuenced not only by the active site residues but also by residues outside of the active site that play a signiWcant role in initial substrate recognition, substrate access, and redox partner binding.
Recently, directed evolution has been successfully applied to bacterial enzyme P450 BM3 for engineering new and more eYcient P450s and identifying the role of non-active site residues [16] [17] [18] . Mammalian P450s have also been engineered by random mutagenesis, which in some cases has yielded 5-to 10-fold increases in catalytic eYciency [19] [20] [21] [22] [23] . More recently, we have employed this approach to create more active and stable forms of P450 2B1 and 3A4, and to identify functionally important residues outside of the active site [24] [25] [26] . To engineer P450 2B1, an N-terminal modiWed enzyme containing an L209A substitution, termed 2B1dH L209A, was used as the template in a directed evolution study that yielded additional non-active site mutants V183L, F202L, and S334P. These mutants, either individually or in combination, demonstrated higher catalytic eYciency with several model substrates and the anti-cancer prodrugs CPA and IFA. In particular, relative to L209A, the double mutant V183L/L209A showed enhanced catalytic eYciency (k cat /K m ) for IFA activation, while L209A/S334P showed enhanced k cat /K m for CPA activation [24] .
In this study, we investigated whether selected mutations that improve the activity of P450 2B1dH have similar eVects in the context of P450 2B11dH. Six mutants at three positions (V183L, F202L, I209A, F202L/I209A, V183L/ I209A, and V183L/F202L/I209A) were created in P450 2B11dH (N-terminal modiWed), and steady-state kinetic analysis was performed using the model substrates 7-ethoxy-4-triXuoromethylcourmarin (7-EFC), 7-benzyloxyresoruWn (7-BR), testosterone, and the anti-cancer prodrugs CPA and IFA. An enhanced catalytic eYciency was observed for P450 2B11dH V183L, suggesting the feasibility of re-engineering P450s from the same subfamily by replacing their respective non-active site residues identiWed by directed evolution.
Experimental procedures

Materials
7-EFC and 7-BR were purchased from Invitrogen (Carlsbad, CA). CPA and NADPH were bought from Sigma Chemical Co. (St. Louis, MO). [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] C]-testosterone was obtained from Amersham Biosciences (Piscataway, NJ). 4-Hydroperoxy-CPA was obtained from ASTA Pharma (Beilefeld, Germany). IFA was obtained from the Drug Synthesis and Chemistry Branch of the National Cancer Institute (Bethesda, MD). Recombinant NADPH-cytochrome P450 reductase (CPR) and cytochrome b 5 from rat liver were prepared as described previously [27] . Oligonucleotide primers for polymerase chain reaction (PCR) were obtained from Sigma Genosys (Woodlands, TX). QuikChange PCR and ligation kits were obtained from Stratagene (La Jolla, CA). All other chemicals were of the highest grade available and were obtained from standard commercial sources.
Mutagenesis, expression, and puriWcation
The mutants were constructed by site-directed mutagenesis using the QuikChange XL site-directed mutagenesis kit. Appropriate template and forward and reverse primers used for the mutagenesis are presented in Fig. 1 . All constructs were sequenced at the University of Texas Medical Branch Protein Chemistry Laboratory (Galveston, TX) to conWrm the desired mutation and verify the absence of unintended mutations. P450 2B11dH and its mutants were expressed in Escherichia coli TOPP3 cells (Stratagene, La Jolla, CA) and puriWed with a Ni-NTA aYnity column as described previously [28] . Because full-length P450 2B11 and P450 2B11 V183L lack the COOH-terminal His-tag, the proteins were not puriWed, and membrane preparations were used for enzymatic studies as described [29] . Protein concentrations were determined using the Bradford protein assay kit (Bio-Rad, Hercules, CA). The speciWc contents of the puriWed samples were between 6 and 15 nmol P450/mg protein. Upon puriWcation, the yield, purity, and stability of the mutant proteins were similar or slightly lower than the respective wild-type enzymes.
Enzyme assays
Enzyme assays were carried out with Wve structurally distinct substrates: 7-EFC, 7-BR, testosterone, CPA, and IFA (Fig. 2) . 7-EFC, 7-BR, and testosterone are model substrates for P450 2B enzymes, whereas CPA and IFA are anti-cancer prodrugs that are activated eYciently by P450 2B11. 7-EFC and 7-BR oxidation reactions were assayed using a Xuorescence method as described [10] . Testosterone hydroxylation was assayed by TLC using radiolabeled substrate as described [7] . Reconstitution of P450 2B11 and 2B11dH with CPR and cytochrome b 5 for NADPH-supported monoxygenation was carried out at a 1:4:2 molar ratio as described earlier [28, 29] and included 10 g DLPC/100 l reaction volume with fulllength P450 2B11. The reconstitution system for assaying CPA and IFA metabolism included P450 and puriWed rat liver CPR in a 1:4 molar ratio (5 pmol P450/0.1 ml of 0.1 M KPi buVer, pH 7.4 containing 0.1 mM EDTA) and was devoid of lipid and cytochrome b 5 . CPA and IFA metabolism were assayed by HLPC as described [4] .
Data analysis
Steady-state kinetic parameters for metabolism of 7-EFC, 7-BR, and testosterone were determined by regression analysis using Sigma Plot (Jandel, San Rafel, CA). The K m value was determined using the MichaelisMenten equation, whereas the S 50 and n values were determined using the Hill equation. Kinetic analysis of CPA and IFA metabolism was carried Fig. 1 . Primers for the construction of P450 2B11 site-directed mutants. The nucleotide(s) that were changed to make the desired mutation are underlined. The V183L mutant was created using the P450 2B11 and 2B11dH templates, whereas the other single mutants were created using P450 2B11dH template only. The multiple mutants were created using the template as indicated in the Figure. 
out using Kinetics v0.44 software (Jacek Stanislawski, Novato, CA) based on graphical analysis using the Eadie-Hofstee method. Wild-type and mutant enzymes (presented in Tables 1-3) were assayed in parallel for more accurate comparison of the data.
Molecular modeling
The P450 2B11dH model was made essentially as described earlier for P450 2B1dH [7] . In brief, the initial molecular model was constructed Fig. 2 . Structure of the substrates used for enzyme assays. These structures were built using Chemdraw Ultra Version 6.0 (Cambridge, MA). The site of oxidation is shown by arrows. 7-Ethoxy-4-trifluoromethylcoumarin Table 1 Steady-state kinetics of 2B11dH and its mutants: NADPH-dependent oxidation of 7-BR and 7-EFC Results are the representative of 2-3 independent determinations. The variation between experiments was 615%. a Standard errors for Wt to Michaelis-Menten or Hill equations are shown in parenthesis. Kinetics with 7-BR Wt well with the Hill equations with n values >1.0, as shown. using the InsightII software package (Molecular Simulations, Inc., San Diego, CA). The models were constructed based on the crystal structure of a ligand-bound P450 2B4dH/H226Y complex (PDB entry 1SUO) [11] . The sequence of P450 2B11dH was obtained from SwissProt (Accession No. P00176). The coordinates of the conserved residues were assigned based on the corresponding residues of the P450 2B4dH complex. The heme group was copied from P450 2B4dH into the P450 2B11dH model. For the P450 2B11dH mutants, the coordinates of the corresponding residues were changed in the respective 3D models, and the resulting mutants were energy minimized. 7-EFC was automatically docked into the 3D models of P450 2B11dH, I209A, F202L, and F202L/I209A in an orientation leading to O-deethylation using InsightII as described [7, 25] . Similarly, testosterone was docked into the 3D models of P450 2B11dH and I209A in a reactive binding orientation leading to 16 -or 16 -hydroxylation. Since the initial oxidation step involves hydrogen abstraction, the reactive carbon atom was placed 3.7 Å from ferryl oxygen with C-H-ferryl O angle of 180° to promote hydrogen bond formation. During the energy minimization process, the substrate molecule and side chains of protein residues within 10 Å of the substrate were allowed to move. The non-bond interaction energies were evaluated with the Docking module of Insight II, and the lowest energy orientation obtained after molecular mechanics minimization of P450 2B11dH and mutants are shown in Fig. 4 .
Results
Oxidation of 7-EFC and 7-BR by P450 2B11dH and mutants
Initially, oxidation of two model Xuorogenic substrates, 7-BR and 7-EFC, was assayed in reactions catalyzed by P450 2B11dH and six mutants encompassing three amino acids: V183L, F202L, I209A, F202L/I209A, V183L/I209A, and V183L/F202L/I209A (Table 1) . Sigmoidal kinetics were observed for 7-BR oxidation by 2B11dH and all of the mutants. Compared with P450 2B11dH, the V183L mutant showed a 4-fold enhanced k cat with 7-BR with a slight increase in S 50 and decrease in n values. However, F202L and I209A both showed 2-to 3-fold decreased k cat values, and combination of the mutants (F202L/I209A) further decreased the k cat to <10% of 2B11dH (Table 1) . Introduction of V183L into either I209A or F202L/I209A increased the k cat compared with I209A and F202L/I209A, respectively, but resulted in a lower k cat than V183L alone. In the case of 7-EFC oxidation, Michaelis-Menten kinetics were observed for all samples. I209A exhibited a markedly lower k cat than P450 2B11dH with 7-EFC (1.6 min ¡1 vs. 13 min ¡1 ), but showed a 3.2-fold overall increase in k cat /K m due to a 25-fold decrease in K m (0.72 M vs. 18 M). V183L and F202L showed >2-fold lower k cat /K m than P450 2B11dH. As expected, incorporation of I209A into F202L or V183L increased the k cat /K m but yielded a lower k cat /K m than I209A (Table 1) . Overall, compared with P450 2B11dH, V183L showed enhanced k cat with 7-BR, whereas I209A showed enhanced k cat /K m with 7-EFC, suggesting distinct roles of these residues in substrate oxidation.
Testosterone hydroxylation by P450 2B11dH and mutants
Another model reaction of the P450 2B enzymes, testosterone hydroxylation, was initially studied with P450 2B11dH and mutants at 200 M. V183L showed enhanced activity, whereas I209A showed increased selectivity for 16 -over 16 -hydroxylation compared with P450 2B11dH (data not shown). Therefore, steadystate kinetic analysis of testosterone 16 -and 16 -hydroxylation by P450 2B11dH and its mutants was performed (Table 2) . While V183L showed a 4.7-fold increase in k cat /K m for testosterone 16 -hydroxylation, F202L and I209A showed a 4-and 1.5-fold decreased k cat /K m , respectively. Incorporation of I209A, or F202L/ I209A into V183L yielded a lower k cat /K m than V183L and a higher k cat /K m than F202L, I209A, or F202L/I209A (Table 2 ). Interestingly, I209A showed an altered stereoselectivity of testosterone hydroxylation, leading to preferred catalysis at the 16 -site (k cat /K m of 1.1 at 16 vs. 0.23 at 16 ), whereas P450 2B11dH and the other mutants showed no detectable testosterone 16 -hydroxylation activity. As expected, incorporation of I209A or F202L/I209A into V183L resulted in a decreased k cat /K m for 16 -hydroxylation and an increased k cat /K m for 16 -hydroxylation compared with V183L (Table 2) . Overall, V183L, I209A, V183L/I209A, and V183L/F202L/I209A demonstrated »5-fold higher k cat /K m for total testosterone hydroxylation than P450 2B11dH. These results suggested that both V183 and I209 in P450 2B11dH have important roles in testosterone metabolism. 
Activation of the anti-cancer prodrugs IFA and CPA by P450 2B11dH and mutants
P450 2B11 is the most eYcient enzyme for conversion of the anti-cancer prodrugs CPA and IFA into therapeutically active metabolites. Therefore, P450 2B11dH and its mutants were further characterized with CPA and IFA. Compared with P450 2B11dH, V183L showed a 1.7-fold higher k cat /K m for CPA and IFA 4-hydroxylation (Fig. 3) . The increase in k cat /K m was primarily due to a »4-fold decrease in K m (0.06 mM vs. 0.21 mM for CPA and 0.03 mM vs. 0.12 mM for IFA). However, F202L and I209A showed a >12-and >20-fold decrease in k cat /K m with CPA and IFA, respectively (Fig. 3) , reXecting both a decrease in k cat and an increase in K m . Overall, our results suggested that the Val 183 ! Leu substitution is the only non-active site mutation that enhances the activation of CPA and IFA.
Substrate metabolism by full-length P450 2B11 and P450 2B11 V183L
Next, we investigated whether the enhanced activity of V183L in the P450 2B11dH background is also manifested in full-length P450 2B11. Results of the kinetic analysis of P450 2B11 and V183L with 7-EFC, 7-BR, testosterone, CPA, and IFA are shown in Table 3 . Compared with P450 2B11dH, full-length P450 2B11 showed a >6-fold higher k cat with 7-BR, a >1.5-fold increased k cat /K m with 7-EFC, and a 2-fold increased k cat /K m with testosterone (Tables 1  and 2 vs. Table 3 ). In contrast, compared with P450 2B11dH, P450 2B11 showed >20% decreased k cat /K m with CPA and IFA (Fig. 4 vs. Table 3) . Although V183L showed a 2-fold increase in k cat with 7-BR, it did not show increases in k cat /K m with 7-EFC or testosterone; rather, k cat /K m was decreased with 7-EFC compared with P450 2B11. In addition, V183L showed a further decrease in k cat /K m with CPA and IFA in the P450 2B11 background ( Table 3 ), indicating that the Val 183 ! Leu substitution is not beneWcial when incorporated into full-length P450 2B11.
Molecular docking of 7-EFC and testosterone
7-EFC was docked in the active site of P450 2B11dH, F202L, I209A, and F202L/I209A (Fig. 4) to help explain the observed changes in substrate metabolism, including: (1) the very low K m with 7-EFC of I209A (Tables 1 and 2 ) the decreased k cat /K m with 7-EFC caused by the Phe 202 ! Leu substitution in P450 2B11dH and I209A backgrounds (Table 1) . Ile-209 was close to the active site of P450 2B11dH (2.3 Å from the closest atom of 7-EFC) compared with the 5.8 Å between Leu-209 and 7-EFC in P450 2B1 [25] . In 2B11dH I209A, the distance between Ala-202 and 7-EFC was increased (2.7 Å). Docking of 7-EFC in the active site of F202L oriented Leu-202 away from the substrate and increased its distance from 7-EFC (8.9 Å; Fig. 4) , compared with the distance between Phe-202 and 7-EFC in P450 2B11dH (7.2 Å). When 7-EFC was docked in the active site of I209A/F202L, the distance between Leu-202 and 7-EFC was increased further (9.5 Å).
Testosterone was docked in the active site of P450 2B11dH and I209A to better understand the enhanced selectivity of I209A for 16 -hydroxylation over 16 -hydroxylation compared with P450 2B11dH ( Table 2 ). The results showed that testosterone Wts well in the P450 2B11dH active site, with no van der Waals overlaps when docked in an orientation that leads to formation of 16 -OH testosterone, while it Wts well in the 16 orientation when docked in the active site of I209A (data not shown). However, the distance (C16-ferryl oxygen) and angle (C-H-ferryl O) were unfavorable when testosterone was docked in the 16 orientation in P450 2B11dH or in the 16 orientation in I209A.
Discussion
Mammalian P450s have been engineered for enhanced activity, substrate speciWcity, and stereo-and regioselectivity within and across subfamilies by site-directed mutagenesis of active site residues [reviewed in 2, 3] . Because residues outside of the active site may also be critical for substrate metabolism, we recently developed a directed evolution approach to engineer P450 2B1 for enhanced activity with several substrates including the anti-cancer prodrugs CPA and IFA [24] . In the present study, we engineered P450 2B11, the most eYcient P450 enzyme for the activation of the anti-cancer prodrugs CPA and IFA [4, 6] , by replacing residues V183, F202 and I209 with the corresponding residues identiWed by directed evolution of P450 2B1 [24] . When introduced into P450 2B11dH, V183L showed enhanced metabolism of the majority of the substrates tested, including CPA and IFA. To the best of our knowledge this is the Wrst report on rational re-engineering of a mammalian P450 based on non-active site mutations created by directed evolution of a P450 from the same subfamily.
As N-terminal truncated mammalian P450 enzymes have been used for all X-ray crystal structures determined to date [3] , we investigated the eVect of the N-terminal modiWcation on the steady-state kinetics of P450 2B11 with Wve substrates. Compared with P450 2B11, the modiWed P450, P450 2B11dH, showed decreased k cat /K m with 7-BR, 7-EFC, and testosterone, mainly as the result of a decreased k cat (Fig. 5) . However, P450 2B11dH showed higher k cat /K m than P450 2B11 with CPA and IFA, as the result of a decrease in K m . The basis for such substrate-speciWc diVerences in k cat or K m is not clear, primarily because of a lack of X-ray crystal structure of a full-length mammalian P450 enzyme. These Wndings are similar to our earlier observations with P450 2B1 and 2B1dH [4, 9, 24, 28] . Relative activity of the full-length and truncated P450 2B enzymes is dependent on the substrate and on the availability of DLPC [28] . However, in this case the only diVerence between the assays encompassing the two sets of substrates (7-EFC, 7-BR, and testosterone vs. CPA and IFA) is the availability of cytochrome b 5 . Cytochrome b 5 can either activate or inhibit P450 activity [30, 31] , with the eVect dependent on the types of P450, lipid, substrate, and oxidant used [26, [30] [31] [32] .
Interestingly, the Val 183 ! Leu substitution had distinct eVects on P450s 2B11 and 2B11dH (Fig. 5) . Val 183 ! Leu substitution in the full-length P450 2B11 had no signiWcant eVect on catalytic eYciency with any of the substrates. However, Val 183 ! Leu substitution in P450 2B11dH increased catalytic eYciency with 7-BR, testosterone, CPA, and IFA. Thus, it appears that the reduced activity of P450 2B11dH with 7-BR and testosterone compared with P450 2B11 is fully reversed by the Val 183 ! Leu substitution. This is not due to the absence of DLPC in the standard assay with the dH proteins. Accordingly, although there was a slight increase in the 7-BR debenzylation activity by P450 2B11dH and V183L in the presence of DLPC, the Val 183 ! Leu substitution still caused a >2-fold increase in activity (data not shown). Val 183 ! Leu appears to be an optimal substitution based on analysis of several additional substitutions at residue 183, including Ala, Ile, Trp, Tyr, and Thr. While mostly showing higher k cat /K m than P450 2B11dH, none of these mutants exhibited a higher k cat /K m than V183L with 7-EFC, 7-BR, or testosterone (data not shown).
Val 183 ! Leu substitution in P450 2B1dH and 2B11dH yielded similarities as well as diVerences in substrate metabolism with a panel of substrates [24] . For example, with both P450s, V183L showed increased k cat /K m for CPA and IFA 4-hydroxylation and decreased k cat /K m for 7-EFC Odeethylation [24] , whereas with 7-BR and testosterone, V183L showed decreased and increased activity in P450 2B1dH and 2B11dH, respectively. The ligand-free and 4-(4-chlorophenyl)imidazole (4-CPI)-and bifonazole (BIF)-bound P450 2B4 X-ray crystal structures as well as homology models of the P450 2B enzymes based on the CPI-bound 2B4 crystal structure do not predict any functional role of Val-183 (2, 3, 10-12). However, comparison of the ligand-free, and the 4-CPI-, and BIF-bound X-ray crystal structures identiWed Wve plastic regions (PR) in P450 2B4, where there are >1 Å variations in the Fe-C distances [12] . Region PR3 spans residues 177 and 188, which might explain a possible role of the Val 183 ! Leu substitution. The only other evidence for a role of this residue is that an Ile 187 ! Thr substitution in a P450 3A26/3A12 (182/183 in 2B11) hybrid enzyme increased progesterone hydroxylase activity [33] .
I209A showed a >3-fold higher k cat /K m than P450 2B11dH, primarily as the result of a dramatic decrease in the K m value (>25-fold). This is the lowest K m ever reported for a P450 2B enzymes with 7-EFC. In our earlier studies, L209A showed a >5-fold higher k cat or k cat /K m than P450 2B1dH with 7-EFC and testosterone [9] . Unlike P450 2B11dH I209A, 2B1dH L209A showed an increased k cat without a signiWcant change in K m or S 50 . In modeling simulations Ile-209 was 2.3 Å from 7-EFC compared with the 5.8 Å between Leu-209 and 7-EFC in P450 2B1 [25] , which may introduce an unfavorable interaction and steric constraint in the 7-EFC structure (Fig. 4) . The Ile 209 ! Ala substitution in P450 2B11dH appears to slightly relieve this constraint by increasing the distance of Ala-209 from the 7-EFC (2.7 Å), which may lead to a decreased K m .
F202L is deleterious when introduced into 2B11dH I209A, whereas it is beneWcial in the context of 2B1dH L209A [25] . Interestingly, docking of 7-EFC in the active site of P450 2B11dH showed that the Phe 202 ! Leu substitution in the presence of I209A orients Leu-202 away from the substrate and increases its distance from 7-EFC (Fig. 4) . In contrast, Leu-202 faces towards 7-EFC in P450 2B1dH L209A and V183L/F202L/L209A/S334P mutants and is present in the active site [25] . The opposite orientations of Leu-202 may explain the contrasting eVects of F202L in the background of P450 2B1dH L209A and 2B11dH I209A.
In summary, the key Wndings of the current study are: (1) P450 2B11dH V183L is the most eYcient P450 2B11 enzyme for the metabolism of 7-BR and testosterone; (2) P450 2B11dH V183L is the most eYcient P450 enzyme for the activation of CPA and IFA; (3) P450 2B11dH I209A exhibits the lowest K m for 7-EFC among the P450s studied; (4) compared with P450 2B11dH, I209A shows enhanced stereoselectivity and activity for testosterone 16 -hydroxylation. The current study serves as an example of reengineering P450 from the same subfamily by replacing non-active site residues identiWed by directed evolution. This strategy may be applicable to the engineering of mammalian P450s across P450 subfamilies for a variety of applications in industry, such as biotechnology and environmental bioremediation, as well as novel applications in drug metabolism and gene therapy. P450 2B11 has shown strong promise in prodrug activation-based gene therapy for cancer using the anti-cancer prodrugs CPA and IFA [6, 34] , and mutants with improved catalytic eYciency, such as those characterized here, may ultimately Wnd applications in the clinic.
